As a by-product of high-precision, ultradeep stellar photometry in the Galactic globular cluster NGC 6397 with the Hubble Space Telescope, we are able to measure a large population of background galaxies whose images are nearly pointlike. These provide an extragalactic reference frame of unprecedented accuracy, relative to which we measure the most accurate absolute proper motion ever determined for a globular cluster. We find mas yr Ϫ1 and mas yr Ϫ1 . We note that the formal statistical errors m cos d p 3.56 ‫ע‬ 0.04 m p Ϫ17.34 ‫ע‬ 0.04
INTRODUCTION
Absolute proper motions of Galactic globular clusters are a necessity for determining the orbits of these systems around the Milky Way. These orbits are calculated by combining the proper motion of a cluster with its radial velocity and distance from the Sun and assuming a Galactic potential. The resulting space motion can constrain processes of cluster origin and destruction as well as Galactic dynamics. By studying a large set of globulars with different demographics (e.g., metallicity), cluster subsystems can be identified and used to understand formation scenarios of the various Milky Way components (e.g., Dinescu et al. 1999; Dauphole et al. 1996; Searle & Zinn 1978) .
Historically, the transverse motions of Galactic globular clusters have been determined by comparing positions of their stars on photographic plates taken decades apart. The resulting observed motions are then converted to absolute proper motions by using a set of extragalactic objects to provide a zero-motion reference frame (e.g., Klemola et al. 1987) , by using field stars whose absolute proper motions are known (e.g., Hanson et al. 2004) , or by using secular parallaxes of field stars (e.g. , Cudworth 1979) . A summary of the kinematical studies of Galactic globular clusters using these different approaches is given in Dinescu et al. (1999) . For many of the clusters, the proper motions have large errors, ∼1-2 mas yr
Ϫ1
, mainly because of the small number of reference objects and their low astrometric accuracy. Magnitude/color-dependent errors as well as aberrations near the edges of the photographic plates also contribute to the large errors in the absolute proper motions.
NGC 6397, one of the earliest discovered globular star clusters (de Lacaille 1755) (Gratton et al. 2003) . The previous wealth of [Fe/H] p Ϫ2.0 data on the cluster has constrained most properties of NGC 6397, but the cluster's absolute proper motion has been measured only twice. Cudworth & Hanson (1993) Hanson (1993) (see § 3) .
In this Letter, we present a direct measurement of the proper motion of NGC 6397 relative to a large sample of galaxies, using deep photometry, astrometry, and morphological distinction between stars and galaxies. Surveys (ACS) on HST (GO-10424). The total allocated time was 126 orbits, and the observations were obtained in two broadband filters: 252 images in F814W and 126 in F606W. Several advances and refinements in data analysis were developed for the reduction of these data; these will be fully presented in J. Anderson et al. (2007, in preparation) . Some details are also provided in Richer et al. (2006) . Here we summarize the key steps relevant to the present Letter. We treated each local maximum in any F814W exposure as a potential detection and collated all of the peaks. We retained peaks that were found in nearly the same place in 90 images out of 252 (a 3 j detection) and were the most significant ones within 7.5 pixels. For stellar sources, we further required that the source meet two morphology criteria. The first, CENRESID, is defined as the fractional flux remaining within the central pixel region of a source after 3 # 3 the best-fitting point-spread function (PSF) has been subtracted off. The parameter is zero for stars that are well fit by the PSF. The second criteria, ELONG, measures the elongation of each source and is zero for objects that have no excess flux over the PSF fit in any direction. Finally, we eliminate false detections in the wings of bright stars and those caused by diffraction spikes. Out of the ∼50,000 sources in our original catalog, 8401 stars survive these cuts. In addition, many extragalactic objects are found (see below).
Measuring the Proper Motions
Our HST ACS pointing of NGC 6397 was specifically targeted to a field ∼5Ј southeast of the center of NGC 6397, which had been previously studied with HST WFPC2 in 1994 and 1997 (King et al. 1998 ). The earlier observations cover about 60% of our ACS field, so that we can measure the motions of a large fraction of our objects by comparing their new positions with those at the previous epochs. We first used 3510 bright cluster stars to define a six-parameter transformation from the frame of each WFPC2 archival image into our master frame. Only cluster stars were used to define the transformations, so there is no displacement between the archival position and the 2006 position (i.e., our zero point of motion corresponds to the systemic motion of the cluster). Since a field star may happen to lie along the cluster main sequence, we iteratively rejected any star with a transformation residual 10.25 pixels in the master frame.
For each of the 50,000 detections, we used the transformations to determine where the star would be in each of the archival exposures. Since we do not a priori know the proper motion of any object that we measured on the ACS images, we examined all of the WFPC2 detections in the vicinity of the object to see which of them might correspond to the ACS detection. To compare the 1994 and 1997 archival data on the same footing, we converted each possible WFPC2 detection into an estimate for the 10 yr displacement. We then examined all of these and chose those with the same implied proper motion as successful identifications. The errors in the proper motions are calculated as the dispersion in the proper-motion measurements from the multiple first-epoch images, divided by the square root of the number of first-epoch images used.
An Extragalactic Zero-Motion Frame of Reference
The most important step in directly calculating an accurate proper motion for NGC 6397 is the choice of reference objects, which need to be extragalactic but as pointlike as possible. For this we use the morphological parameters defined earlier. The top part of Figure 1a shows the CENRESID parameter for all sources in our data, as a function of F606W magnitude. Most objects (the stars) form a tight band with . In CENRESID ∼ 0 Figure 1b , we isolate those objects that pass a cut to eliminate false detections around bright stars and intersections of diffraction spikes, and for which we have measured a proper motion (see § 2.2). A clean sequence of stars is seen extending nearly to . A second clump of sources with neg-F606W p 30 ative CENRESID values is also clearly seen. Negative values imply that these objects have less flux at their centers than the PSF would predict, making them strong candidate galaxies. In Figure 1c , we isolate these galaxies by eliminating stellar objects. The dashed lines show the boundaries of our galaxy sample, Ϫ . 0.05 ! CENRESID ! Ϫ0.015 This sample, selected entirely on the basis of morphology, contains 398 galaxies (one object is a clear outlier at the bright end and was therefore removed as it likely represents a field star interloper). For the best of these galaxies (bright, compact, and isolated), we can easily measure the proper motion to within 0.25 mas yr
Ϫ1
. This is the first time that such a large sample of almost pointlike galaxies has been used to measure proper motions.
DERIVATION OF THE PROPER MOTION AND THE TANGENTIAL VELOCITY OF NGC 6397
To determine the proper motion of NGC 6397, we need to measure the difference in proper motion of the galaxy distribution determined above and the cluster distribution. This involves two steps. First, we convert our observed X and Y ACS pixel motions (measured relative to NGC 6397 stars) into equatorial coordinates (a, d) by rotating the field into the correct orientation. We also multiply the motions by the pixel scale (0Љ .05) and normalize to units of milliarcseconds per year. Second, we center the mean of the 398 galaxies in the galaxy distribution to (0, 0) on this new plane with a simple translation.
Figure 2 presents our final proper-motion diagram for this field. The components are expressed in right ascension pass the criteria in § 2.1. These clearly form two clumps in the proper-motion diagram, the cluster NGC 6397 being represented with the tighter clump near the bottom of the diagram and the bulk of the field stars being concentrated in the more diffuse clump near the center of the diagram. The morphologically selected galaxies, shown as circles, also clearly clump together in this plane and have a different centroid of motion from that of the field stars. We find the centroid of the proper motions of these galaxies by taking a weighted mean, with weights , where the are the estimated errors of
the proper motions of the individual objects. Although the proper motions of many galaxies go into this mean, it is in fact dominated by those with the highest weight. The 50 galaxies that contribute the most to our extragalactic reference frame are distinguished as filled circles in Figure 2 . Relative to this standard of zero motion, the absolute proper motion of NGC 6397 is mas yr Ϫ1 and m cos d p 3.56 ‫ע‬ 0.04 a mas yr Ϫ1 . This is the most accurate meam p Ϫ17.34 ‫ע‬ 0.04 d surement of the absolute proper motion of a globular cluster, to date. We note that our field is far removed from the cluster center, and possible cluster rotation therefore injects some additional systematic uncertainty. Given the 3.5 km s Ϫ1 dispersion of radial velocities (Pryor & Meylan 1993) , the maximum observed rotational velocity is likely to be less than 2 km s Ϫ1 for an axial ratio of 0.93 for the cluster (White & Shawl 1987) . However, we do not know what the inclination is. If we are observing the cluster pole-on, then at a point removed from the cluster center, rotation would be across the line of sight.
Considering the ellipticity, it is unlikely that this is the case. If our line of sight were perpendicular to the axis of rotation, every line of sight would have zero mean transverse velocity, because symmetry leads to a cancellation between motions in front of and behind the midpoint. Considering these effects, which are difficult to estimate, rotation might introduce an uncertainty of some modest fraction of a kilometer per second, or an amount comparable to our measuring error. Future radial velocity and proper-motion measurements over a large radial distance in the cluster may permit a derivation of this cluster rotation (see, e.g., van de Ven et al. 2006) .
Our measurement of the absolute proper motion of NGC 6397 is ∼14% larger than the Cudworth & Hanson (1993) It is important to understand why our error is only a quarter as large as that of Milone et al. and also significantly better than other similar studies (e.g., the Kalirai et al. 2004 study of the globular cluster M4). The comparison does not reflect in any way on the quality of the measurements in these other studies, which represent the state of the art in astrometry of images of objects that look like galaxies. The difference is that we have found a method for morphological selection of a large sample of pointlike galaxies that mere eye examination cannot distinguish from stars. The best of these objects are incomparably better for astrometry than even the sharpest centered galaxies that can be recognized by eye. The measurement by Milone et al. is limited to only 33 extragalactic sources, many of which have a large dispersion and are therefore downweighted. Their final result is derived almost entirely from a few of the brightest sources with the sharpest nuclei.
With our estimated distance of pc to NGC 6397, 2600 ‫ע‬ 130 we find its tangential velocity to be km s gential velocity of NGC 6397 is dominated entirely by the error in the distance, which we estimate to be ∼5%. (The proper motions alone would contribute an error of !0.5 km s Ϫ1 .) This distance and corresponding uncertainty comes from a fit of the subdwarfs in Reid & Gizis (1998) to the new, very tightly constrained main sequence of NGC 6397 in Richer et al. (2006) . The subdwarf sample has accurate parallax measurements (to within 10%), and shifting the mean distance by any more than 5% would cause a large discrepancy between these two loci that cannot be recovered by mild changes in, for example, metallicity. The third component of the cluster's motion, its radial velocity, was determined by Milone et al. (2006) To help interpret the velocity of NGC 6397, we now calculate the UVW motion of the cluster, where the U component is positive toward the Galactic center, V is positive in the direction of Galactic rotation, and W is positive toward the north Galactic pole (see, e.g., Johnson & Soderblom 1987 
THE ORBIT OF NGC 6397
To integrate the Galactic orbital motion of NGC 6397, we use the initial conditions derived above and a Galactic gravitational potential with the bulge and halo represented as two spherical components and the disk represented as an axisymmetric component (see Dauphole & Colin 1995 for details) . Using a Runge-Kutta fourth-order integrator with time steps of 0.1 Myr, we integrate the orbit for 5 Gyr. In Figure 3 , we show NGC 6397's orbit in the disk plane (left) and perpendicular to the disk (middle and right). Clearly, the cluster's orbit is well confined within a relatively small galactocentric radius (as noted by Dauphole et al. 1996 and Milone et al. 2006) . NGC 6397 orbits our Galaxy in the direction of Galactic rotation. The cluster has spent most of its time close to the Galactic disk, never reaching a height of more than ∼3.1 kpc above the plane. The orbit crosses the plane many times, and therefore the cluster has likely experienced shocks from the Galactic disk. The timescale for this is less than 100 Myr, shorter than the half-mass relaxation time (300 Myr; Harris 1996) . The apocentric radius, , is found to be ∼7.0 kpc, and therefore the R a cluster has not made any large excursions into the Galactic halo [eccentricity ] . The
cluster may have interacted with the Galactic bulge and suffered shocks from pericentric passages ( kpc). Given the R ∼ 2.6 p cluster's present location ( kpc) and velocity, we can R p 5.7 GC conclude that it is approaching its apocenter.
We also tested the orbital motion assuming different starting conditions, kpc, and find that the cluster behaves R p 7.5-8.5 0 very similarly to that computed above (the pericenter radii shifts by ∼5%). Although the orbit is more sensitive to the adopted distance to NGC 6397 (e.g., see Milone et al. 2006 ), a 5% distance uncertainty does not have a major affect on the apocenter and pericenter radii. Finally, we note that both the orbital acceleration and the perspective acceleration (caused by our line of sight intersecting a point slightly removed from the center of NGC 6397; Schlesinger 1917) of the cluster are negligible (several hundred times smaller than our error bars).
CONCLUSIONS
The results of this Letter are a consequence of our having high-precision photometry, including morphological indices that allow the selection of starlike objects that are actually galaxies. The use of these as a reference standard has allowed us to measure the absolute proper motion of NGC 6397 with unprecedented accuracy and to compute a more reliable orbit for it. We find that the cluster has interacted with the Galactic disk and bulge many times over the past 12 Gyr. Such tidal interactions may modify the cluster mass function, and careful determination of this function coupled with dynamical models could yield evidence of this interaction (Dinescu et al. 1999) .
